Shift work has been proposed to promote cognitive disturbances in humans; however, conflicting evidence is also present. By using data from 7143 middle-aged and elderly humans (45e75 years) who participated in the Swedish EpiHealth cohort study, the present analysis sought to investigate whether self-reported shift work history would be associated with performance on the trail making test (TMT). The TMT has been proposed to be a useful neuropsychological tool to evaluate humans' executive cognitive function, which is known to decrease with age. After adjustment for potential confounders (e.g., age, education, and sleep duration), it was observed that current and recent former shift workers (worked shifts during the past 5 years) performed worse on the TMT than nonshift workers. In contrast, performance on the TMT did not differ between past shift workers (off from shift work for more than 5 years) and nonshift workers. Collectively, our results indicate that shift work history is linked to poorer performance on the TMT in a cohort of middle-aged and elderly humans.
Introduction
Multiple factors have been proposed either to curb or accelerate the rate of cognitive impairment across lifespan, such as duration and quality of sleep (Yaffe et al., 2014) , engagement in regular physical activities (Benedict et al., 2013; Ruscheweyh et al., 2011) , alcohol consumption (Stampfer et al., 2005) , and educational level (Foubert-Samier et al., 2012; Steffener et al., 2016) . In recent years, a handful of studies found that shift work may independently associate with cognitive functions in humans (Ansiau et al., 2008; Hart et al., 2006; Marquie et al., 2015) . For instance, in a French prospective study on aging, health, and work (named VISAT), it was shown that night work (i.e., at least part of the work activity had taken place before 6 a.m. or after 10 p.m.) correlated with poorer performances on verbal memory and selective attention tests the next day (Ansiau et al., 2008) . In a separate analysis using data from the VISAT population, it was further demonstrated that shift work (including rotating and night shifts) were linked to lower global cognitive test scores in those with a shift work history of more than 10 years (Marquie et al., 2015) . Moreover, recovery of cognitive functions was seen among shift workers who reported to have left shift work for at least 5 years (Marquie et al., 2015) . In line with these observational findings, short periods of experimentally simulated night shift work have also been shown to impair cognitive performance in humans, such as vigilance and inhibitory control (Hart et al., 2006) .
The question is: why may shift workers run an increased risk for impaired cognitive performance compared with nonshift workers? One explanation could be that shift work has for example been associated with smoking, chronically poor sleep patterns, and psychological stress (Lindholm et al., 2012; Nea et al., 2015; Ramin et al., 2015) . These factors have been implicated in accelerated cognitive aging (Cedernaes et al., 2016; Marshall et al., 2015; Ott et al., 1998) . Moreover, disrupted circadian rhythmsda well-known consequence of atypical work schedulesdhave been linked to neurodegeneration (Kondratova and Kondratov, 2012; Wulff et al., 2010) . For instance, deletion of the master clock gene Bmal1 in the mouse brain has been shown to increase neuronal oxidative damage (Musiek et al., 2013) .
Contrary to the results previously described, there are however studies that did not find associations between shift work and cognitive performance in humans. For instance, using data from the United States Nurses' Health Study, no association between shift work history and composite measures of general cognition and verbal memory in later life was observed (Devore et al., 2013) . With this in mind, additional large-scale studies are required to examine how shift work history may relate to cognitive performance in humans.
Thus, in the present study involving 7143 adults in the age range between 45 and 75 years, we sought to investigate if self-reported shift work history is associated with performance on the trail making test (TMT; Bowie and Harvey, 2006) . Results from previous studies suggest that the TMT may have clinical utility as a measure of neurological deficits (Reitan and Wolfson, 1994) and cognitive impairment (Ashendorf et al., 2008) . Given that shift work history has recently been associated with lowers scores on a global cognitive test (Marquie et al., 2015) , we hypothesized that shift workers, compared with nonshift workers, would need more time to complete the TMT-A and TMT-B subtests and would obtain higher values for the ratio TMT-B/TMT-A. The present study was based on a post hoc stratification of data deriving from the Swedish EpiHealth cohort study.
Methods

Study population
The present study used data from the Swedish EpiHealth cohort study (started in 2011), www.epihealth.se . The primary objective of EpiHealth is to study how interactions between genotypes and lifestyle factors contribute to the development of common disorders in humans, such as cardiovascular diseases, cancer, and dementia. To this aim, participants in the age between 45 and 75 years voluntarily fill out an internet-based questionnaire, as well as visit 1 of 2 Swedish test centers (located in Malmö or Uppsala, Sweden). An invitation letter was sent to a random sample of participants who were resident in the municipalities and within the selected age limits using the Swedish Population Registry.
Variables used in the present study were extracted in March 2015 by the Karolinska Institute Biobank, Sweden. After exclusions because of missing data, 7143 were considered eligible for the present analysis ( Table 1 ). Note that excluded participants may have had missing data on more than 1 parameter. Furthermore, as specified in Table 1 , it must also be borne in mind that participants who were for instance unemployed, retired, or students at time of data collection were not presented job-related questions (including those on shift work history) during the computerized survey, and as such could not be entered into the present analysis.
The study was approved by the Ethics Committee of Uppsala University, and all participants gave written informed consent to participate.
Primary exposure variabledshift work history
When filling out the internet-based questionnaire, EpiHealth participants indicated whether they have performed shift work within the last 5 years or not. Participants could select 1 out of 4 possible responses: "yes, currently", "yes, in the past", "no", or "don't know/don't want to answer". The answer "don't know/don't want to answer" was treated as missing value (n ¼ 33). In addition, in a separate question, participants indicated if they have ever worked at night or not. The possible responses were: "no", "less than 1 year", "1 to 2 years", "3 to 5 years", "6 to 10 years", "11 to 20 years", or "more than 20 years". Based on participants' responses at the time of the survey, the following shift work groups were constructed for the present study:
Nonshift workersdanswered both questions with no; Past shift workersdanswered that they did not work shift during the past 5 years, but that they had worked night shifts more than 5 years ago. Recent former shift workersdstated that they performed shift work during the past 5 years but not at the time of data collection; Current shift workersdperformed shift work at time of data collection.
Data on duration of shifts and shift plans (e.g., 3-day shift plans vs. 4-day shift plans, and so forth) were not collected in the EpiHealth study.
Primary outcome variable
A computerized version of the TMT was administered when participants were visiting 1 of 2 Swedish test centers. This cognitive test consists of 2 parts, TMT-A and TMT-B. The TMT-A determines cognitive processing speed, whereas the TMT-B measures executive functions (Bowie and Harvey, 2006) . In TMT-A, participants were requested to connect circles labeled with numbers 1e25 in an ascending order. In TMT-B, participants must alternate between numbers (1e13) and letters (AeL) in an ascending order (i.e., 1-A-2-B and so forth). The instruction was to complete these subtests as quickly as possible. During this computerized TMT, a computer mouse was used to join the symbols on the computer screen. To ensure that participants would understand the task procedure, they were provided computer-based instructions how to perform the TMT before the start of this test (including short test trials). An erroneously chosen path (e.g., 1-2-4) was immediately indicated by changing its color to red.
The variable of interest for the present study was the total time needed to connect correctly all symbols during each subtest, which included the time to correct erroneously chosen paths. In addition, the ratio between TMT-B and TMT-A was calculated (named TMT ratio in the following), as it has been proposed to be a more accurate measure of executive functions (Hester et al., 2005) .
Confounders
Participants' educational status, physical activity (PA) during leisure time, alcohol consumption, and smoking habits (nonsmokers vs. smokers at the time of data collection) were assessed by the internet-based questionnaire. Participants' educational status was defined as follows: primary and elementary school (up to 9 years of formal schooling) versus upper secondary school (up to 12 years of formal schooling) versus university versus other (e.g., further training). PA during leisure time was measured on a scale ranging from 1 to 5 (1 ¼ "mostly sedentary", 3 ¼ "walking for 30 minutes per day", and 5 ¼ "vigorous activity 60 minutes per day"). Based on their responses, participants were divided into 3 PA level groups: low (score range ¼ 1e2), intermediate (score range ¼ 3e4), and high (score range ¼ 5). Alcohol consumption during the last 12 months was categorized as "never/seldom", "2e3 times a month", "1 time/week", "2e3 times a week", "4 times a week or more often", yielding a 5-level ordinal variable. Body mass index (BMI) was measured when participants visited 1 of 2 test centers.
To assess participants' perceived stress during the last month, the Perceived Stress Scale (PSS-10, scores range from 0 to 40) was administered (Cohen et al., 1983) . The Cronbach's alpha of the 10 stress items used by this psychometric tool was 0.812.
Self-reported sleep disturbances were assessed by 6 symptoms: difficulties to stay awake during the day; difficulties getting back to sleep after nighttime awakenings; difficulties falling asleep; early awakenings; disturbed sleep; and feel not rested after sleep. The Cronbach's alpha was 0.77. Participants ratings (never/seldom, 1 to 3 times a month, 1 to 3 times a week, 4 or more times a week) were used to construct a cumulative sleep disturbance score (range 0e18, with 18 indicating the highest sleep difficulties). Participants were also asked to indicate how many hours per day they usually sleep. In light of previous findings suggesting that sleep duration is associated with health outcome parameters in a U-shaped fashion (e.g., mortality; Cappuccio et al., 2010) , sleep duration was treated as ternary variable in our analysis, that is, <7 hours per day, 7e8 hours per day, and >8 hours per day.
Participants also provided a free text response concerning their main occupation and workplace during the last 5 years. The International Standard Classification of Occupation-08 released by the International Labor Organization (available at http://www.ilo.org/ public/english/bureau/stat/isco/) and Swedish Standard Classification of Occupations (2012), which is based on The International Standard Classification of Occupation-08 (http://www.scb.se/sv_/ Hitta-statistik/Publiceringskalender/Visa-detaljerad-information/? Publobjid¼18597),were used to assign participants into white collar workers (managers; professionals; technicians and associate professionals; clerical support workers; and service and sales workers), blue collar workers (skilled agricultural, forestry and fishery workers; craft and related trades workers; plant and machine operators, and assemblers; and elementary occupations), and others. Note that participants were assigned to the occupational category "others" in case if there was insufficient information to identify the work category. Participants of the armed forces occupations class were assigned to the group "others" in the present analysis, as it only included 19 individuals.
Statistical analysis
All statistical analyses were performed using SPSS, version 22.0 (SPSS Inc, Chicago, IL, USA). Descriptive data are presented as means (standard deviation), unless otherwise specified. The chi-square test was used to analyze group differences for categorical variables. Numerical data were analyzed with univariate analyses of variance. In case of non-normally distributed variables, the nonparametric Kruskal-Wallis test was applied.
A generalized linear model was chosen as main statistical method to examine associations between shift work history and TMT outcomes. For all generalized linear models, the gamma distribution and log link function were chosen to account for non-normal distributions of TMT outcomes. Two models were applied: (1) a basic model including gender and shift work history as categorical factors and age as covariate; (2) a fully adjusted model treating gender, shift work history, educational status, physical activity level, alcohol consumption, smoking status, sleep duration, and occupational status as categorical factors, whereas age, perceived stress, cumulative sleep disturbance score, and BMI were entered as covariates into the analysis. Estimated marginal means (standard error of the mean) and parameter estimates of unstandardized b (95% confidence interval) using nonshift workers as reference category are reported. Interactions between shift work history and potential confounders were not modeled. Overall, a 2-sided p value of less than 0.05 was considered as statistically significant.
Results
Descriptive
Cohort characteristics, stratified by shift work history, are shown in Table 2 . Compared with the nonshift worker group, individuals with shift work history were generally younger, less educated, had a higher prevalence of current smoking, felt more stressed, exhibited a higher BMI, more often reported to sleep less than 7 hours per day, and had a higher cumulative sleep disturbance score. In contrast, recent former and current shift workers reported to drink less alcohol than nonshift workers and past shift workers. Compared with the nonshift worker and past shift worker groups, there was a greater proportion of blue collar workers among recent former and current shift workers. No difference in leisure time physical activity was found between the shift work history groups. No difference in errors on TMT-A was observed. Total errors on TMT-B were more common among recent former and current shift workers.
Overall, participants needed more time to complete the TMT-A and TMT-B with increasing age (Spearman's r ¼ 0.38 and r ¼ 0.34 respectively, both p < 0.0001; Fig. 1 ).
Association between shift work history and performance on the TMT
Raw mean values AE standard deviation on the performance on both TMT subtests and TMT ratio, stratified by shift work history, are shown in Fig. 2 .
Both current and recent former shift workers required more time to complete the TMT-A than nonshift workers in the basic model (Table 3 ). In contrast, no difference in the performance on this TMT subtest was found between past shift workers and nonshift workers. No statistically significant shift work group differences for the time to complete the TMT-A were however found in the fully adjusted model (Table 3) .
With regards to the TMT-B, both the basic and fully adjusted model demonstrated that current and recent former shift workers required more time to join the letters and numbers on the computer screen (Table 3) . Again, no differences in the performance on this TMT subtest were found between past shift workers and nonshift workers (Table 3) .
The TMT ratio significantly differed between shift work history groups in all statistical models (Table 3) . Compared with the nonshift worker reference group, both current and recent former shift workers exhibited a higher TMT ratio. In contrast, the TMT ratio did not differ between past shift workers and nonshift workers (Table 3) .
Discussion
A considerably large proportion of today's workforce performs shift work, for example, up to 20% in Europe and United States. Both epidemiological and experimental studies have demonstrated that shift workers are at an increased risk for multiple diseases (Esquirol et al., 2011; Itani et al., 2011; Morris et al., 2015; Scheer et al., 2009; Vimalananda et al., 2015; Wang et al., 2015) . However, knowledge regarding short-and long-term effects of shift work on parameters of brain health is still fragmentary. By using data from 7143 participants of the Swedish EpiHealth cohort study, we sought to investigate if shift work history links to the performance on the TMT. This test has been proposed to be a useful neuropsychological tool to evaluate humans' executive cognitive function, which is known to decrease with age (also seen in our study, see Fig. 1 ). Our analysis revealed that current and recent former shift workers (worked shifts during the past 5 years) performed worse, albeit with varying strength, on TMT outcomes than nonshift workers. No obvious group differences in the performance on the TMT were, however, found between past shift workers and nonshift workers. There is some preliminary evidence that shift work may adversely influence cognitive functions in humans (Ansiau et al., 2008; Machi et al., 2012; Marquie et al., 2015) . For instance, working before 6 a.m. or after 10 p.m. has been linked to impaired performance on verbal memory and selective attention tests the day after (Ansiau et al., 2008) . Moreover, shift work has been linked to lower scores on a global cognitive test in employed and retired humans (Marquie et al., 2015) . Short periods of experimentally simulated night shift work have further been tied to impaired working memory performance (Hart et al., 2006) . Collectively, these studies suggest that shift work impairs a variety of cognitive functions, both in the short and long term. In line with these results, we show that current and recent former shift workers required more time to complete the TMT, than nonshift workers. Importantly, no difference in performance on TMT was observed between nonshift workers and past shift workers, that is, those who had quit shift work more than 5 years ago at time of data collection. This could suggest that it may take at least 5 years of time-out for shift workers to perform equally well as nonshift workers on this neuropsychological test. A similar time span has previously been reported for restoring the performance on a global cognitive test in shift workers (Marquie et al., 2015) . However, as of yet, a mechanistic explanation as to why shift workers require at least 5 years of time-out to recover their cognitive performance is lacking, and as such warrants further investigation.
There are also several findings in the literature that do not provide conclusive evidence for an association between shift work and cognitive impairment (Devore et al., 2013; Machi et al., 2012) . For instance, in a prospective cohort study in nurses (mean age ¼ 74.3 years old), no association between history of night shift work at midlife and cognitive function in later life was found (Devore et al., 2013) . In this study, the assessment of cognitive function was based on global composite scores of general cognition and verbal memory (Devore et al., 2013) , contrary to the TMT used in the present study. Another study involving 13 emergency physicians did not find changes in the performance on TMT before and after daylight and overnight shifts (Machi et al., 2012) . Possible explanations for these contrasting results between the present and the aforementioned study could relate to differences in the design (the present study tested associations between shift work history and TMT, whereas the previous study tested acute effects of shifts on the performance of this task), sample size, and age (the present study involved middle-aged and elderly humans, whereas the previous study involved younger participants).
Our observational study is limited as we cannot yet establish causality. There are however several potential pathways that may explain the association between shift work history and cognitive performance. For instance, human and animal studies have shown that psychological stress conditions exert multiple adverse effects on the frontal lobe of the brain, comprising diminished blood perfusion (Chung et al., 2006) , reduced gray matter volume (Li et al., 2014) , and compromised neural plasticity (Zheng et al., 2011) . Given that frontal lobe functions play an important role for the performance on the TMT (Stuss and Levine, 2002) , it could be hypothesized that stress may account for the observed association between shift work and performance on this test. In line with this view, we found that shift workers reported slightly higher perceived stress levels than nonshift workers (see also Table 2 ). Another possible explanation for our main finding could be that living under shift work conditions disrupts circadian processes in humans, a condition that has for instance recently been shown to promote neurodegenerative processes in the brain of transgenic animal models (Musiek et al., 2013) . Shift work also impairs the ability to fall and stay asleep (Lajoie et al., 2015) . Because short sleep has been associated with learning and memory impairments (Killgore, 2010; Rasch and Born, 2013) , it could therefore be hypothesized that short sleep duration, in combination with circadian disruption may further restrain performance on the TMT-B in shift workers.
Strengths and limitations
The major strength of the present study is its large sample size. Moreover, results were robust to adjustments for multiple potential confounders, such as participants' age and educational level. Several limitations however apply: we did not have information regarding the type of shift work, for example, daytime rotating shift work versus day-night rotating shift work. Moreover, other potential confounders, such as diseases (e.g., hypertension) and medication, have not been included in the present analysis. It must also be borne in mind that participants, who were for instance unemployed at the time of data collection, were not presented job-related questions during the computerized survey, which may have limited the power of the current analysis. We further cannot exclude that some of our participants may have had a neurodegenerative disease or its prodrome, which may have affected the performance on the TMT. For instance, it has been shown that neurodegenerative signs of preclinical Alzheimer's disease (such as central nervous system amyloid beta burden) can occur in individuals long before its clinical onset (Caselli et al., 2009 ). Thus, this potential bias must be taken into account when interpreting our results. Finally, the sleep disturbance score used as covariate in the present study was largely based on symptoms that are also measured by established tools such as the Pittsburgh Sleep Quality Index (Buysse et al., 1989) . However, it must be kept in mind that the accuracy of the sleep disturbance score to assess sleep disturbances in the general population must be interpreted with caution as long as it has not been validated through further studies.
Conclusion
Our results indicate that shift work history is linked to poorer performance on a widely used neuropsychological test, the TMT, in a cohort of middle-aged and elderly humans. This test has been proposed to be a useful neuropsychological tool to evaluate humans' executive cognitive function, which is known to decrease with age. It must however be kept in mind that the observed differences in the performance on the TMT between shift work history groups were relatively small. Finally, the finding that it may at least require a 5-year off-time period of shift work until humans can restore their executive functions must be interpreted with caution, given the cross-sectional design of our study.
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